Abstract-A study of chironomid fauna was carried out in two regions of central Yakutia. Fossilized remnants of head capsules were sampled from shallow layers of the bottom sediments of lakes. Seventy five taxa of chironomids have been determined. Statistical analysis shows that the spatial distribution of chironomid taxa in the study regions is mainly controlled by ions of aluminium and magnesium, mean July temperature, transparency and content of oxygen in water. The obtained results serve as the base for development of a chironomid temperature model used for reconstruction of Holocene and Pleistocene paleotemperatures of the Russian North.
Larval head capsules of chironomids preserved in lake sediment as subfossils ( Fig. 1 ) are abundant and identifiable [3] [4] [5] [6] . In global scale the distribution and abundance of chironomids are mostly limited by temperature [7] [8] [9] [10] [11] . It makes them one of the best quantitative indicators of the climate change [12] [13] [14] [15] [16] . Chironomid-based temperature models have been successfully developed in Western Europe and North America [17] [18] [19] . They can be used for precise paleotemperature reconstructions [see review in 4, 20] . However, outside the regions for which they have been developed these models are of limited application. The models developed in northwestern Europe do not cover a temperature gradient long enough for them to be used in regions of extreme continental climate like East Siberia and Russian Arctic. No temperature model based on chironomids has been developed for northern Russia yet. Our investigation is aimed at studying subfossil chironomid fauna of central Yakutian lakes and quantifying the relationship between chironomid taxa assemblages and their environment in order to estimate the potential of chironomids for quantitative paleoenvironmental reconstructions in the Russian north.
MATERIAL AND METHODS
The Republic of Sakha (Yakutia) is located in the northeastern part of Russia (between 55°29¢ and 76°46¢N and 105°32¢ and 162°55¢E; Fig. 2 ). It spreads over 2500 km from east to west and 2000 km from north to south. Yakutia includes different geographical zones: tundra at the Arctic Ocean coast, mountains in the east and south of Yakutia (up to 2000-3000 m asl) and taiga forests in the west [21] . Nearly the whole territory is covered by permafrost [22] . Yakutia is a region with an extreme continental climate characterized by pronounced seasonal gradients. The coldest month is January with average temperature below -40°C, and the lowest temperatures down to -71.2°C. Average July temperature varies from +2...+4°C in the Laptev Sea islands to +18...+19°C in central Yakutia near Yakutsk with the maximum summer temperatures of 38 to 40°C. Annual temperatures average -10 to -12°C. The annual precipitation is 250 to 300 mm, which is inferior to the annual evaporation (350-400 mm) [23] . The driest area is the Central Yakutian lowland [24, 25] . In summer, evaporation is four times higher than precipitation.
There are many lakes in Yakutia, which are mostly originated by thermokarst processes. They are rather shallow (1-3 m) and are characterized by specific thermal and chemical regimes, making them sensitive to recent climate changes [26] .
During the summers of 2003 and 2004, a total of 38 lakes were sampled in two regions of central Yakutia ( Fig. 2) : 25 lakes were sampled near Vilyuisk (V), and 13 lakes, near Yakutsk (Y). The two study areas are underlain by continuous permafrost, within the boreal coniferous forest zone. The vegetation is dominated by taiga trees such as larch (Larix dahurica), pine (Pinus sylvestris), and birch (Betula pendula). From each lake, we took water samples, surface sediment samples, phytoplankton and periphyton samples as well as short lake sediment cores. Chemical analyses encompassed about 20 parameters and proved that the study area was not affected by any sort of anthropogenic influence [27, 28] . All lakes are slightly alkaline, oxygen-rich, have moderate transparency and mostly high ionic concentrations. Mean July, mean January and mean annual temperatures used in our analyses were calculated from the Gridded climate data [29] , measured 2 m above the ground in standard meteorological screens. Using these data, we estimated the mean air temperature at each lake by spatial interpolation of elevation and distance from the coast. According to the calculation, the lakes are within a temperature range for mean July temperature: from +16.52 to +18.12°C, for mean January temperature: from -37.88 to -43.46°C, and mean annual temperature: from -8.27 to -10.23°C. Selected temperature ranges, although rather narrow, reflect the real temperature variability in this region. For more details about sampling sites and lake features see Kumke et al., 2006 [27] .
Sediment samples for chironomid analysis were treated by standard techniques described by Brooks and Birks [13] . Subsamples of wet sediments were deflocculated in a 10% KOH solution, heated to 70°C for 10 minutes, to which boiling water was added and left to stay for 20 minutes. The sediment suspension was successively passed through 125 mm and 95 mm sieves. Chironomid larval head capsules numbered 47 to 292 per sample were picked out of a grooved Bogorov sorting tray using fine forceps under a stereomicroscope ( ) - 25 40 . Larval head capsules are mounted two at a time in Euparal, ventral side up, under a cover slip 6 mm in diameter, with ten cover slips per microscope slide. A total of 3434 chironomid head capsules were mounted and identified. Chironomids were identified with reference to [30] [31] [32] [33] [34] and the national Chironomidae collection at the Natural History Museum, London, UK.
Because of the known difficulties in distinguishing the head capsules of fossilized chironomids [4, 5, 33] , they were identified to the level of genus or a certain morphotype presently adopted (e.g., Psectrocladius psilopterus type, P. sordidellus type, P. barbimanus type) called hereinafter taxon.
As the soft parts of larvae of the genus Chironomus very important for species identification are not preserved in bottom sediments, their head capsules are subdivided into two morphotypes officially adopted in paleolimnology. These two morphotypes are distinguished in fossilized chironomids by the number of teeth on the mandible and by the ratio of heights of mentum's teeth [34] : Chironomus anthracinus type and Chironimus plumosus type. Given no mandible, the specimen was identified to the level of genus.
In the subfamily Tanypodinae one taxon, Procladius, was identified, and the rest remained unidentified (Tanypodinae unindef.) because of a great deal of controversies. Unfortunately, the identification of the subfamily Tanypodinae is quite a challenge. The remains of head capsules are often lacking even mandibles and ligula, to say nothing of paraligulas. Therefore, identification is made by the position of the pores on the ventral and dorsal sides of the head capsule [34] , which is often impossible if the head capsules are ill-preserved or contain even a minor impurity. Moreover, the location of the pores varies depending on the age and individual characteristics of the larvae. The frequency of occurrence of Tanypodinae in bottom sediments of the lakes of central Yakutia did not exceed 4.88%, averaging 2.27%. The full identification of the subfamily Tanypodinae will be made after comparative analysis of the material from all lakes that will be included into the temperature model. Only chironomid taxa occurring in at least 2 lakes with a relative abundance of at least 2% or more in at least one sample were included into the statistical analysis. According to this criterion, of a total of 75 chironomid taxa only 47 were used for analyzing the data. Detrended correspondence analysis (DCA) was applied to the chironomid data to calculate the length of sampled environmental gradients. This is necessary to make a choice between unimodal or linear numerical techniques for modelling the relationship between the chironomid assemblages and environmental variables [35] . DCA assumes that species respond in a unimodal manner along hypothetical environmental gradients [36] [37] [38] . The DCA (square root transformation of species data, rare taxa downweighted, detrended by segments) revealed a gradient length of axis 1 of 1.85 SD units, suggesting that linear ordination methods, redundancy analysis (RDA), might be appropriate [39] . Redundancy analysis is appropriate in situations where narrow environmental gradients have been sampled, which indicates that the most taxa within the calibration set respond to changes in the environment in a linear fashion [38] .
Environmental data included ( 3 -, Al 3+ , and Na + were ln(x+l) transformed, lake depth, NO 2 -, and P were log10 transformed. Ordinations were performed using the program CANOCO 4.5 [40] .
Variance inflation factors (VIF) were used to identify the intercorrelated variables. Environmental variables with VIFs greater than eight were eliminated, one at a time, beginning with the variable that had the highest VIF until all VIFs were below eight. The minimum number of environmental variables that explained significant ( p £ 0 05 . ) variations in the chironomid data was then determined by forward selection. Statistical significance of forward-selected variables and the RDA axes was estimated using the Monte Carlo test (999 unrestricted permutations, p £ 0 05 . ). Chironomid communities diversity and evenness were estimated using Shannon index (H) [41] and Pielou index (I) [42] . The effective number of occurrences of chironomid species were estimated by the index N 2 [43] . Forty-seven taxa had a relative abundance of 2% in at least one lake and were included into the calibration data set (Fig. 3) . The complete list of central Yakutian chironomid taxa is published at the Russian Chironomid homepage (http://www.biosoil.ru/tendipes/cata log.htm).
None of the taxa occurred in all the lakes. Most abundant were Chironomus anthracinus type, Psectrocladius sordidellus type, Paratanytarsus penicillatus, Cricotopus sp. E, Dicrotendipes, Tanytarsus lugens type. (Fig. 3) . Several taxa have been found for the first time in northeastern Russia: Nanocladius B (rectinervus?), Glyptotendipes severini, Pogonocladius, Propsilocerus, Psectrocladius barbimanus, Stenochironomus, Trissocladius (Fig. 1) .
Variations of the indices describing qualitative characteristics of chironomid communities are presented in Table 2 . In all the lakes chironomid communities are quite rich and diverse with relatively stable structure, except for lake 1733, where all the indices are much lower than in other lakes (N = 12; N2 = 2.29; H = 2.05; I = 0.57). This is the only hypertrophic lake in the set. Sites with high scores of axis 1 (Fig. 4) 
DISCUSSION
The literature data on Yakutian chironomids indicate that the fauna is quite rich and diverse [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] .
Some earlier surveys have confirmed similarities between chironomid fauna of Yakutia and the chironomid faunas of the other parts of Siberia and Far East [50, 52, 53, 56] . In early studies chironomids have been taken into account mainly as part of programs on estimation of productivity of benthic communities as a food source for fishes or studies of anthropogenic load on freshwater ecosystems. Identification was not made further than genus or larval form (f.l.) level, and complete faunistic lists are not presented. The only exception is the study of chironomids in the Ust'-Lena reserve [56] which revealed 125 species identified as a rule by imago. Larvae were found only for 12 species. Information on species ecology includes the type of the waterbody where the larvae occur (lake-pool-brook) and the character of habitat (sandy bottom-muds-algal mass).
Study of the distribution of chironomids in a transect of 31 lakes spanning tree line near the lower Lena mouth in north-central Siberia (northern Yakutia) was the first attempt to quantify the relationship between chironomids and climate at tree line in Russia [57] , as part of a larger project aiming at reconstructing past movements of the circumpolar tree line. Chironomids in the lower Lena transect respond to the productivity of lakes in the most pronounced way. No significant relationship between chironomid distribution and surface water temperature was observed. This was partly due to the direct and indirect effect of sampling of a relatively small number of lakes. The lakes sampled in each vegetation zone were in proximity to one another and, as a result, did not span a broad environmental gradient. If a larger number of lakes were incorporated in the calibration set, a broader environmental gradient would be sampled and the influence of synoptic scale effects such as climate would be more apparent.
We did not find any significant dependence between water temperature and composition of chironomid communities either. Mean July temperature, on the contrary, appeared to be among the most important factors driving chironomid distribution (5.4% of explained variance). Mean January and annual temperatures appeared also to be important, but the three parameters were strongly intercorrelated (VIF T Jan = 141, T ann = 89, T July = 21), so T July was left in our analysis as having the lowest inflation factor.
The set of our data on lakes spans a broader geographical area than the set of lakes in the study of Porinchu and Cwynar [57] , but the gradient of the most important ecological parameter, mean July temperature, was still too narrow to develop a chironomidbased temperature model. Other chemical and physical parameters of the investigated lakes vary significantly (Table 1) : i.e. 14.6°C (for comparison, in the Lena delta data set 8.5°C, in the Norwegian data set 12.4°C [20] ), water depth = 16.4 m, Cond = 2910 mS/cm, etc.
Lake productivity did not appear to play any significant role in influencing the composition of the chironomid assemblages, although chironomids are known to be sensitive to the availability of fine organic matter in water and sediments [58, 59] . Most probably, it was a consequence of generally low concentrations of nutrients in the investigated lakes. In our data set most of the lakes can be classified as oligothrophic [60] . sis has shown that the physicochemical characteristics of the lakes and a climate-induced moisture deficit are the main variables controlling the distribution of chironomids. The lakes suffer from a negative water balance typical of central Yakutia. This is evident from exceptionally high concentrations of major ions, electrical conductivity as well as from the the high Na/Cl ratios (for details see [27] ). Among the most significant cations are Mg 2+ (8.4% e.v.) and Al 3+ (7.3% e.v.). Although Al 3+ concentrations in all the lakes were generally low, statistical analysis has shown that it is among the most important variables that control the distribution of chironomids. This can be explained by two main reasons. On the one hand average concentration of Al in the lakes from the Yakutsk region was very low (20.7 ±2.0 g/l). In 10 of 13 lakes it was below the analytically detectable minimum (20.0 g/l). In the Vilyuisk region concentrations of Al were slightly higher (31.6 ±15.9 g/l). Although the coefficient of correlation "region-Al concentration" was as small as 0.3, to a certain degree it can be attributed to geographical location of the lakes (Fig. 4) . On the other hand, the importance of Al can reflect the complex limnological processes taking place in the thermokarst Yakutian lakes, as biogeochemical cycle of aluminium is closely connected with cycles of silicon and phosphorus [61] [62] [63] . Both also make significant indirect contributions to the cycling of aluminium in the lithosphere, for example, phosphates are significant sinks for aluminium [64, 65] , and the association of aluminium with silica in frustules of diatoms [66, 67] , is a key component of the sedimentation of aluminium. It is proved that for both silicon-requiring (diatoms) and non-silicon-requiring (green algae) organisms silicon increases the biological availability of inorganic phosphate in the presence of aluminium [68] . The revealed correlation between Al concentrations and distribution of chironomids is a complex phenomenon and demands further investigation.
Most of the lakes in our data set are shallow and relatively small, but transparency of the lakes varies considerably (Table 1) . On the average, Secchi depths were approximately half of the maximum water depths. For the majority of the lakes, poor transparency was likely to be a result of wind-induced resuspension of the sediments. In some exceptional cases (e.g. lakes 1733, 1741), low Secchi depths were caused by enhanced nutrient concentrations. Transparency of the water column does not have a direct effect on chironomid biology. But indirectly, as integrative parameter resulting from many intercorrelated physical, chemical and functional characteristics of the lake ecosystems such as quality and mechanical composition of sediments (sand, clay, rock etc.), availability of organic matter and ionic composition favorable or not favorable for phytoand zooplankton populations, density of macrophytes and macrovertebrate populations, as well as the state of the catchments area, it influences on metabolism of chironomid and consequently on their distribution.
CONCLUSION
The investigation has demonstrated that chironomid fauna of central Yakutian lakes is abundant and diverse. The main factors influencing chironomid distribution are climate-dependent parameters: T July and concentrations of major cations related to negative water balance in the region. The results obtained encourage further works on making a regional chironomid-based temperature model appropriate for the Arctic regions of Russia as a whole and Yakutia in particular.
